A method to determine the electrical conductance of thin films such as a-Si:H that does not require contacting electrodes is presented. This method, introduced by Sommer and Tanner, is based on measuring the phase shift of a capacitive transmission line. The lower detection limit for the geometry used here is 10 Ϫ11 ⍀
I. INTRODUCTION
When producing thin film amorphous hydrogenated silicon ͑a-Si:H͒ for use in, for instance, thin film transistors or photovoltaic cells, it is important to monitor the film conductance. Usually this is done by a straightforward two-point resistance measurement using deposited coplanar electrodes; the disadvantage is that it is an ex situ technique that renders the film unsuitable for further use. Sommer and Tanner ͑ST͒ developed a method to measure the conductivity of a two-dimensional electron gas ͑2DEG͒ on a liquid helium surface.
2 Since thin films might also be considered two-dimensional electron gases, we will apply the ST method on these, thus enabling an electrodeless, in-line measurement of the conductance. In this article, we will determine the conductance of expanding thermal plasma ͑ETP͒ deposited 3 a-Si:H thin films deposited on high resistivity Corning 7059 glass. Figure 1 shows the setup, consisting of a three-electrode system above which the film is placed at a distance d to form a transmission line. An ac voltage is applied to the first electrode. Using a lock-in amplifier, the current at the third electrode is measured phase sensitively. The second electrode is grounded in order to shield the measurement electrode from the driven one. Assuming the thin film can be considered a 2DEG, the current, measured at the third electrode, is given by
II. SOMMER-TANNER METHOD
where
with I 0 the normalization current, d the gap distance between the electrodes and the film, V 0 the amplitude, and the angular frequency of the applied ac voltage. 0 is the conductance and CЈ the capacity of the system per unit area. w 1 is the width of the first and the third electrodes, W(Ͼ2w 1 ) the width of the total electrode system, including the middle ground electrode, and L the length of the conducting film. The relations presented here are only valid provided the electrode width w 1 is much larger than the gap distance d in order to approximate an ideal capacitor that in turn must be much larger than the film thickness to guarantee a 2DEG: w 1 ӷdӷ. For a given electrode geometry, the normalized current I* depends, according to Eq. ͑1͒, only on the socalled two-dimensional skin depth ␦ 0 , which represents the length scale over which the ac wave will propagate, and on the current I 0 . The in-phase and 90°phase-shifted current can be depicted by evaluating Eq. ͑1͒ in its real and imaginary parts ͑seen in Fig. 2͒ , these parts are plotted versus ␦ 0 for two electrode geometries: the geometry that has been actually used ͑the numerical values are listed in Table I together with typical values of the measured signals͒ is indicated by the solid curves, whereas the dashed curves represent a geometry with a larger middle electrode ͑Wϭ20 mm͒; note the peak in the in-phase current at ␦ 0 ϷW/2.
If the frequency and capacity are assumed fixed, it follows from Eq. ͑4͒ that the left part of the plot is the high, and the right part the low conductance region. Exactly the same curves can be obtained by keeping the capacitance and the conductance constant and changing the frequency. Since the capacitance of the air gap between the electrodes and the film is known, the latter method enables determination of the film conductance 0 of a sample by fitting the measured 0°and 90°phase-shifted currents as a function of frequency. With the geometry stated in Table I , resistances in the range of 10 3 -10 11 ⍀ can be measured. As can be seen from Fig. 3 low resistance ͑high conductance͒ region lies at higher excitation frequencies where it is advantageous to use a commercial lock-in amplifier to measure the current. To detect low frequency signals, i.e., when measuring low conductances, a current amplifier, a PC with two analog inputs and a simple Fourier analysis algorithm will suffice. It can be deduced that the amplitude I 0 of the detection signal is inversely proportional to the total width W ͑see the Appendix͒, where the other geometry parameters w 1 and d have to scale with W to fulfill the set requirements. Scaling down can improve the detection amplitude and the detection limit for low conductivities by an order of magnitude if it is possible to position a striplike 1.2-mm-wide electrode system at a distance of 50 m from the film.
III. RESULTS
In Fig. 3 , a Sommer-Tanner spectrum of the photoconductivity of a plasma-enhanced chemical vapor deposition ͑PECVD͒ device quality a-Si:H film is shown. Shown are the in-phase and 90°phase shifted measured currents, respectively. The solid curves are best fits to theory, whereas the dotted and dashed curves indicate the currents that would have been measured at a 30% lower and 30% higher conductance, respectively. The calculated conductance is 0 ϭ͑2.3Ϯ0.1͒ϫ10 Ϫ9 ⍀
Ϫ1
. Given a film thickness of 1 m, this means the conductivity is ϭ͑2.3Ϯ0.1͒ϫ10
. The measured conductivity using deposited electrodes was ϭ1.5ϫ10 Ϫ5 ͑⍀ cm͒
. A comparison between the two methods for measuring photoconductivity was also made for ETP deposited layers. The results of this comparison are shown in Fig. 4 . The error bars shown in the ST data are the uncertainties given by the fit procedure. We see from this graph that the conductivities measured by the ST method are a factor of 1.4Ϯ0.3 higher than the ones measured with the electrode technique, consistent with the factor of 1.5 found for the PECVD layer. The apparent discrepancy between the two methods originates from a difference in light FIG. 2. In-phase and out-of-phase parts of the current vs inverse skin depth for two different electrode geometries. The solid curves indicate the geometry actually used ͑the electrode widths are 5, 2, and 5 mm͒, whereas the dashed curves indicate a hypothetical geometry with a larger middle grounding electrode ͑5, 10, and 5 mm͒. Thin film conductance absorption in the photoconducting thin film. In the ST method light is incident on the glass substrate and in the electrode method it is incident on the film. Due to the antireflection behavior of the low refractive index glass substrate (nϷ1.5) in front of the high refractive index a-Si:H film (nϷ4), light absorption under the former condition is about 25% higher than under the latter which will increase the measured conductivity by roughly the same amount. By measuring sample transmission, reflection, and the absolute light intensity of the light source, the data in Fig. 4 are corrected for differences in absorption and the result is shown in Fig. 5 . As can be seen, the ST method results in a small overestimation of film conductivity, but the general trend is clear.
We therefore conclude that with the Sommer-Tanner method it is possible to measure the conductance of thin films with a conductance higher than 10 11 ⍀ Ϫ1 without the use of contacting electrodes. The results are in good agreement with conventional conductivity measurements using deposited silver electrodes. 
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